Product flexibility can be defined as the degree of responsiveness (or adaptability) for any future change in a product design. Making a design more flexible leads to potential reductions in redesign cost. When considering the efforts taken in the past to understand product flexibility (and develop associated metrics), most prior research focuses on the manufacturing domain rather than the product itself. In this paper, we investigate the physical factors that affect product flexibility. This study focuses on conducting an empirical study of existing products in the market. The physical characteristics, such as the number of parts, functions, interfaces, type of interfaces, modules, the way these modules are arranged, and OEM parts, are found to directly affect product flexibility. From these factors, guidelines are derived to improve product flexibility and design for it. This research is a significant advancement, leading us toward our future objectives of developing a generic flexibility metric and generative design method.
INTRODUCTION
Product flexibility should be considered in product development due to the changing nature of competition, constant improvements (evolution) in the performance and functionality of products, and the transient and multi-modal nature of customer needs. Despite these considerations, product flexibility remains poorly understood in theory, and poorly addressed in practice. Few metrics have been developed to measure product flexibility. For those that do exist, the measures are based on factors such as the time required to switch from one part mix (combination of parts) to another, the adaptability of a manufacturing system to changes in part mix and the number of new parts introduced per year. These measures were developed with a focus on manufacturing. In this paper, we study the fundamentals of product flexibility by correlating flexibility with different physical characteristics (such as number of parts). A "snapshot" of product flexibility is gained through this empirical evaluation. This snapshot addresses the main objective of this paper: to illustrate specific relations among product characteristics and flexibility so that careful consideration of these factors may considered or traded-off in design.
A supporting goal of this paper is to derive a set of guidelines to direct product architecture to a desired state of flexibility. Given knowledge of the physical factors that correlate with flexibility, the future objective of this research is to develop a metric for product flexibility such that a designer may evaluate the flexibility of a product by measuring a specified set of factors. This metric can be thought of as a generic measure of product flexibility since the measure does not reflect product flexibility with respect to a particular change. Of course, the bottom line is to facilitate the design of products to be flexible to future changes.
BACKGROUND
Product flexibility can be defined as degree of responsiveness (or adaptability) for any future change in a product design. This definition is consistent with Sethi's (1990) definition of product flexibility. He defines it as the ease with which the part mix currently being produced can be changed inexpensively and rapidly. Concern about flexibility is certainly not new. It has arisen in numerous economic and organizational contexts in the last 70 years (Sethi & Sethi, 1990) . Product flexibility allows a company to be responsive to the market by enabling it to bring newly designed products quickly to the market (Carter, 1986) . Since the future product designs are usually unknown; it becomes important to design and develop the product architecture to be flexible. According to Hayes and Schmenner (1978) , smaller companies in many industries often adopt a strategy of competing on the basis of product flexibility, i.e., their ability to handle difficult, nonstandard orders and to lead in new product introduction. It should be noted that Tombak (1988) in an extensive econometric study finds that product flexibility is more important in the growth phase of a product. Because of the importance of product flexibility in the product evolution process, this paper seeks to present a better understanding of product flexibility in terms of physical factors in design.
METHODOLOGY
This research includes three major components:
(1) An extensive empirical study to measure different physical characteristics in a product across a sample set of products. These factors are identified based on their direct or indirect influence on flexibility.
(2) Evaluate the flexibility using Change Modes and Effects Analysis (CMEA), a questionnaire-based method to access the redesign "cost" for a set of possible-future changes in a present design (Palani, et al., 2003) .
(3) After the products are rated for flexibility using CMEA, the fundamentals of product flexibility are investigated by plotting the flexibility ratings versus various physical characteristics. These plots are then analyzed in term of overall trends and phenomena in local regions.
Measuring Physical Factors
The following section explains how we performed the measurement for various physical factors. Based on our previous research and interviews with product designers (Palani, et al., 2003) , we choose to measure the following factors: parts, functions, modules, interfaces, type of interfaces (inter-modular or intra-modular interfaces), and number of OEM (original equipment manufacturers) parts. This set of factors creates a foundation for this and future studies. Other factors may be considered in focused investigations for particular industry sectors or technologies.
For the products factors of our study, consider the following definitions:
Parts: The number of parts or components in a product is documented from the bill of materials after the disassembly of the entire product under study.
Functions:
In order to consistently count the number of functions in a product, the functional models of these products are developed using the functional basis and methodology reported in (Otto & Wood, 2001) . A functional model is a description of a product or process in terms of the elementary functions that are required to achieve its overall function or purpose. Customer needs are the basis for these functional models.
Interfaces and Modules: An interface in a product is defined as "a spatial region where energy, material, and/or information flow between components or between a component and the external environment" (VanWie, 2000) . To document the interface data, we use a component-component style matrix called the Design Structure Matrix (DSM). This matrix is useful because it facilitates a complete view of the product configuration in a reasonably concise format (Sosa, et al. 2000) . Using the same DSM representation, a consistent method for identifying assembly modules is used for all products. A set of parts is considered an assembly module if the set of parts could be assembled in parallel with the assembly of the rest of the product. An illustration of this data collection process is explained with a Dustbuster Cordless Vacuum (B&D) DB250C in Section 4.0 of this paper.
Background on Change Mode and Effects Analysis (CMEA)
Our initial efforts to understand product flexibility involved developing quantitative tools to evaluate products for flexibility. Based on the complexity of this problem (assessing product flexibility), and from our initial observations and interviews for consumer products on the market, we decided to research well known questionnaire-based methodologies used in industries to solve analogous problems. An established industry method, known as Failure Mode & Effects Analysis (FMEA), provides a good first analogy to evaluate product flexibility. FMEA is a systematic approach that identifies potential failure modes in a system, product, or manufacturing operation caused by design or manufacturing process deficiencies. FMEA is a tool used to prevent problems from occurring, to protect consumers, and to proactively avoid potential product liabilities. In FMEA, a manufacturing system or a design is evaluated for possible failures. Instead of evaluating the failure modes, as in FMEA, we propose to evaluate possible future changes in a product. This concept, referred to as Change Mode & Effects Analysis (CMEA), is explained as follows:
The preliminary step in this process is to decompose a product in a rational and systematic manner so that it can be assessed for possible changes. This assessment calls for predictive customer needs analysis and the futuristic generation of design changes/concepts. Depending on the complexity of the product under study, this decomposition can be completed with respect to functions, parts or modules. The second step in this method is to assess the 'Change Potential Number' (CPN) for a product for possible future changes. The 'Change Potential Number' gives an indication of how easily a change can be incorporated in a product. CPN is the overall flexibility for a given change. This rating is analogous to the 'Risk Priority Number' (RPN) in FMEA.
In order to assess the overall flexibility (CPN) in CMEA, each product is evaluated based on three factors, namely 1. Design flexibility (F): The extent to which a particular change will affect the entire product in terms of redesign. 2. Occurrence (O): The probability of occurrence of this particular change in this product. The probability of occurrence can be determined based on the rate of occurrence of these particular changes. These changes can be broadly categorized as: Drawback or opportunities in the present design and time dependent change. Here the time dependent changes include the technology change over time, the company's future plans in the evolution of this product and future expectations from their customers on the performance envelope of these products.
Readiness (R):
The capability of the company to be ready for that particular change. Readiness is based on factors such as manufacturing flexibility, supply chain flexibility, organizational flexibility and financial readiness of a company to react to a change or redesign.
The CPN is defined as follows:
where F is Design flexibility, O is Occurrence, and R is Readiness. N = the maximum of (number of potential effects of change, number of potential causes of changes). The minimum value that the CPN can hold is '0' which means that the product is completely inflexible for any change and '1' means that the product is completely flexible for any future change. Based on this formulae (Eqn. (1)), a completely flexible product is a one in which the redesign cost incurred is minimal for any future change in the design.
Evaluating the products with all three factors, design flexibility (F), occurrence (O) and readiness (R), requires significant internal and confidential data from associated companies. In the absence of information of a company's manufacturing facility, supply chain facility, organizational flexibility and operational flexibility, it is difficult to access the 'readiness' of a company for a particular change in their product design. Similarly, accessing the 'occurrence' of a particular change requires rigorous customer reviews and opinions of experienced designers in that product segment. Based on these issues, we choose to validate this method, for this initial study, using design flexibility (F). Equation (1) is then reduced to:
An illustration of how CMEA is used to evaluate the design flexibility (F) of a Dustbuster Cordless Vacuum is discussed in following section. After the products are rated on design flexibility (F), they are compared with the physical factors measured in the first part of this empirical study by plotting the design flexibility (F) of the products versus the various parameters.
EMPIRICAL STUDY EXAMPLE AND METHOD
Consumer products are selected as the data set because they represent a significant aspect of design focus in industry (McAdams, et al., 1998) . Additionally these types of items are readily available and lend themselves to disassemble and physical study. One of the products in this study is the Black & Decker Dust Buster Cordless vacuum cleaner. We now discuss the complete data collection procedure of this product to show how the investigation of factors affecting product flexibility is executed. 
Measuring physical factors
Functions: The procedure begins with functionally decomposing the product using functional models. The functional information detailing all possible functions performed by the product is obtained from the function models (Otto & Wood, 2001) . A functional model is a description of a product or process in terms of the elementary functions that are required to achieve its overall function or purpose. Customer needs are the basis for these functional models. One important aspect to be followed throughout the study is the granularity of these functional models. The same level of granularity must be maintained throughout the study for accurate and consistent comparisons. In order to maintain the granularity of these functional models, the customer needs are ranked over a scale of 1 to 5 (as shown in part in Table 1) based on their importance and the number of times they occurred during the customer reviews (conjoint analysis). The customer needs, which are rated greater than or equal to 3 are taken into consideration for constructing the functional models of the products, where '3' means that the customer when making a purchasing decision considers these aspects or features as important and '5' means it is a must (critical). The functional model for the B&D Cordless Vacuum is shown in Figure 2 . Notice that the functional model focused on the execution phase of the product related to the customer needs in Table 1 . At least one function, or chain of functions, is directly related to each customer need. Once this functional model is derived, the total number of functions in a product is found by simply counting the number of boxes in the functional model. Similarly the number of functional modules is also recorded. The basis for identifying these modules are based on systematic module heuristics found in Otto & Wood, 2001 . Separate functions or a group of functions that can be clearly identified as an assembly module are identified as a functional module in this empirical study. These function modules are denoted by dotted lines in Figure 2 . For example in this functional model in Figure 2 , "convert EE to ME" is a functional module as well as an assembly module (motor). Similarly the "Import EE and change EE" together form a functional module since they can be identified as a separate assembly module namely the "adaptor".
Interfaces and Modules:
The number of parts is counted after disassembling the product and creating a list of components in the product. Following this step, a DSM style structure is created for each product in order to document the partitioning of assembly modules and components. A consistent method for identifying the number of assembly modules, physical interfaces, and inter-modular physical interfaces is used for all products (VanWie, 2001) . The documentation of this physical structure for a Cordless Vacuum is given in Figure 3 . The interfaces are identified by marking a "1" whenever two components possess an interface. Similarly inter-modular interface is identified as an interface between one or more modules. A tree structure of the assembly modules and components is derived from the DSM so that the hierarchy of parts is clear. This tree structure allows one to easily count the number of branches between assemblies and components. 
Assessing design flexibility (F)
The Change Modes and Effects Analysis for this Dustbuster vacuum cleaner is shown in Table 3 . The first step in this process is to gather the customer needs by studying extensive reviews from data sources (websites like. www.amazon.com, www.epinions.com, warranty information etc.). These reviews may indicate deficiencies in the current design, which are often the stimulus for a company to redesign its product. Therefore, we classify such stimuli as 'Potential causes of change', which occupies a similar column in our CMEA table as the 'Potential causes of failure' does in FMEA. It is important that these potential causes be assigned to the modules within the product that pertain to the customer identified problem. It is possible that a potential cause could impact the redesign of more than one module. After this process, the potential changes in the respective modules are brainstormed and documented in the 'Potential change mode' column. Based on the suggested change in a particular module, the propagation of this change to other modules of the design is brainstormed and documented in the 'Potential effects of change' column. Based on this analysis and with the help of Table 2 , the design flexibility (F) ranking for the particular change in the design is assigned. In the Dustbuster Cordless Vacuum example in Table 3 , consider the 'Dust storage module' (Figure 16 ) where the 'Potential change mode' is 'Provide transparent indicator on the housing.' and 'Potential Effect of change' is 'this change can be incorporated without changing other modules in the design.' The housing used in the dust storage module can be made transparent by changing the type of material used during the molding process. This can be observed in the next generation of this Dustbuster in the market. Hence this change is indicated as a 'Minor Redesign' according to Table 2 . Table 3 . Partial CMEA on Dustbuster cordless vacuum.
RESULTS AND DISCUSSION
The products in this study include seventeen consumer devices that range in domain from small scale to medium scale consumer products (e.g. manual screwdriver, hand blender, power tools, etc.). The results are summarized in Table 4 and arranged in a series of graphs that illustrate the relationships among the factors evaluated in this study. In the following discussion, the references to "modules", "interfaces", and "functions" correspond to the definitions described above. The CMEA analysis is done on these 17 products and their design flexibility (F) ranking is listed in Table 4 . Several interpretations are taken from the graphs from the perspective of both overall trends and phenomena in local regions. The goodness of fit i.e. the R 2 values for these trends are denoted in each of these graphs to show how strongly physical factors correlate with flexibility.
Figures 4, 5 and 6 show an overall strong correlation between number of parts, functions and interfaces with design flexibility (F). From these graphs we observe that as the number of parts, functions and interfaces in a product increases the design flexibility (F) increases. Figure 7 show that there is a strong correlation between the number of modules and design flexibility (F). This graph strongly suggests that design flexibility (F) is directly proportional to the number of modules in the product; hence making a design more modular reduces the redesign cost for any future change. When observing the Figures 4,5,6 and 7 the overall trend suggests that as a device is effectively partitioned into a greater number of elements (manifested through higher numbers of components and functions), the flexibility increases. This is logical since an increase in partitioning would seem to lessen the impact of any individual element on the whole if a change becomes necessary for the element in question.
When observing the Figures 4,5,6 and 7 the overall trend show that as a device is effectively partitioned into a greater number of elements (manifested through higher numbers of components and functions), the flexibility increases. This is logical since an increase in partitioning would seem to lessen the impact of any individual element on the whole if a change becomes necessary for the element in question.
Conversely in Figure 8 , the ratio of number of functions to parts is inversely proportional to the design flexibility (F). The weak overall trend in this suggests that as the design is more integrated, it offers more resistance to a change in terms of redesign cost. This is rational because when many functions are shared in few components in a product, and if a future change occurs in any one of these functions, the entire product has to be redesigned. In order to investigate the issue of how the modules interact in the design we plotted the ratio of number of intermodular interfaces to total interfaces with Design Flexibility. We found in Figure 9 , that though the data form a sparse pattern there is a very weak overall trend showing that as the ratio of inter-modular interfaces to interfaces increases the design flexibility (F) increases. However conclusive insights cannot be obtained from this graph. Figure 10 , is a plot between ratio of number of assembly modules to parts with flexibility. One can observe that the data is a sparse pattern with no clear overall trend. It appears that the degree of part aggregation per part (modules / part) does not affect flexibility. This assumes that the notion of modularity is equivalent to the lumping of components. This suggests that flexibility is independent of the number of parts in a module. This is an important finding because this suggests the designer that increasing or decreasing the number of parts in a module does not affect flexibility. This is intuitively Figure 4 , which shows that reduced number of overall parts will lead to a reduction in flexibility. But the reader should carefully note that Figure 10 suggests that, the flexibility is independent of the number of parts in a module. Therefore, the number of parts can be reduced in each module, which in turn leads to reduction in the assembly cost. This implies that we can design for assembly while maintaining the flexibility. Now referring again to Figures 4,5 and 6 we observe roughly horizontal regions where significant differences exist in the design flexibility (F) rating while little differences exists in the number of parts, functions and interfaces. These highlighted regions contain a reasonable group of products. In these areas clearly something besides part count, interfaces and functionality is affecting the flexibility of a product design. When observing Figure 7 with respect to these horizontal regions we found that these products did not have significant difference in the number of modules. For example in Figures 4, 5 and 6 consider the horizontal region, which consists of the Dustbuster, Electric knife, Papermate Multi-pen and Pesto salad shooter. In this case we can see that the Dustbuster is more flexible when compared to the Multi-pen even though both had the same number of parts, interfaces and functions. Similarly when observing Figure 7 , we can see that the Dustbuster has the same number of modules as the Multipen. This leads us to an interesting insight, where even though in a broader perspective the flexibility of a design is driven by the number of parts, functions, interfaces and modules there is something about the way these modules are arranged in the design that makes the design more flexible. This issue can be explained with help of Figure 9 , which is a plot between the ratio of number of inter-modular interfaces to interfaces with design flexibility (F). When we observe the Dustbuster and Multi-pen, the former has greater number of inter-modular interfaces when compared to the later. Similar results can be observed with other groups of products, which are highlighted in Figures 4, 5, 6 & 7. However based on observations of DSM and physical products, it appears that most of these modules in more flexible products ( Figure 13 , shows a weak overall trend that suggests the number of OEM parts is directly proportional to design flexibility (F). In this figure one can notice two groups of data, which are highlighted. The group that has less design flexibility (F) had no OEM's when compared to the other one. This trend makes sense because changing an OEM component would likely require less effort than the redesign and retooling for a custom fabricated part. Typical OEM components included in this study are such things as standard DC motors, switches, etc.
In the same graph one can observe that although the Handiwork screwdriver and the B&D Jigsaw had large number of OEM parts they did not have a proportional increase in their flexibility. When observing these physical products, and during the Change Mode and Effects Analysis it was found that most of these OEM part or modules were enclosed inside the housing of the product. Therefore, whenever a change is imposed on these OEM parts, because of the geometric dependency, the housing also had to be changed. This again supports the insight, having the modules, as external attachments will reduce the effect of a given change. Figure 17 shows the group of OEM parts and modules (motor, batteries, switch assembly, etc.) enclosed inside the Handiwork screwdriver housing. When trying to understand the nature of products chosen for this empirical study, the parameters in the products such as number of functions, number of interfaces and number of assembly modules were plotted with respect to the number of parts. Figure 15, 16 and 17 show the correlation between the physical parameters like number of parts, functions, modules, and interfaces. We can observe a strong correlation between them. The general trend in Figure 15 shows the increase in part count to achieve the added functionality in the products. Figure 16 and 17 are consistent with VanWie's(2000) empirical results. In Figure 17 the general trend suggests the implementation of modular strategy for the increasing part count. These graphs remind us of the importance of determining the interdependence of these physical parameters when developing a quantitative metric to measure flexibility. What might be interesting is to study products where the number of parts is not directly proportional to the number of functions or modules or interfaces. Including these products will make this study more interesting by adding more variances to the graphs. 
CONCLUSIONS AND FUTURE WORK
The overall objective of this paper is to understand the various physical factors that correlate with product flexibility. We show through an empirical evaluation of seventeen products that product flexibility is affected by physical factors such as number of parts, functions, interfaces, type of interfaces, modules and the way these modules are designed in the product. The insights obtained during this study are summarized as follows:
1. Modularizing the design leads to more product flexibility. As the design becomes more integrated it becomes more inflexible for redesign.
Designing the modules in a product as external attachments makes the design even more flexible.
3. Designing with more standard components and interfaces will improve product flexibility.
Directed partitioning of a design into a greater number of elements (manifested through higher numbers of components and functions) improves the flexibility.

Reducing the number of parts within modules after effective layout does not affect flexibility (this insight must be verified in future studies). The implication is the simultaneous design for improved assemblability while maintaining flexibility.
With help of these insights, the designer can exercise and focus their efforts to control the flexibility of a design.
The information in this paper is a significant step toward collecting data on how certain products are designed more flexible than others. Though time consuming, this empirical study is a productive approach towards understanding the flexibility issues in design. However one main question remain for future work, how can these physical factors be used to derived a generic flexibility metric?
